Finding thresholds at which loss of plant functionality occurs during drought is critical for predicting future crop productivity and survival. Xylem resistance to embolism has been suggested as a key trait associated with water-stress tolerance. Although a substantial literature exists describing the vulnerability of woody stems to embolism, leaves and roots of herbaceous species remain under-represented. Also, little is known about vulnerability to embolism at a whole-plant scale or propagation of embolism within plants.
Introduction
Establishing robust determinants and thresholds of plant sensitivity to stress is crucial for assessing future productivity and survival (Challinor et al., 2009) . In this context, the ability of xylem to resist cavitation appears to be a key plant trait, able to predict plant distribution (Brodribb & Hill, 1999; Choat et al., 2012; Brodribb et al., 2014) and the timing of plant death during water stress (Brodribb & Cochard, 2009; Urli et al., 2013) . Water in a plants' xylem is transported under tension, which increases with higher rates of water loss or drying soil (Tyree & Sperry, 1989) . At some critical water potential, termed the air-entry potential (P e ), tension in the water column exceeds the plants' ability to withstand air entry and air emboli form in xylem conduits (Zimmermann, 1983; Tyree & Sperry, 1988; Brodersen et al., 2013) . Emboli cause reductions in xylem hydraulic conductivity (k xylem ), hindering the ability of a plant to transport water. Parameters obtained from xylem vulnerability curves (VCs) for a species -the relationship between k xylem and xylem water potential -potentially provide quantitative indices for mortality thresholds within a species (Brodribb & Cochard, 2009; Choat et al., 2012; Choat, 2013; Ogasa et al., 2013; Urli et al., 2013) . For example, the threshold of drought mortality is closely associated with the water potential inducing 50% loss of stem k xylem (P 50 ) in conifers (Brodribb & Cochard, 2009 ) and 88% loss of stem k xylem (P 88 ) in angiosperms (Urli et al., 2013) .
Technical limitations in measuring embolism, particularly in leaves and softer tissues, have led to a situation where our understanding of species vulnerability to embolism is biased towards the stem and there is scarce information regarding the spatial and temporal propagation of embolism within a whole plant. This gap in our knowledge is problematic considering that the few studies examining multiple tissues have suggested considerable variation in vulnerability between stems and leaves (Tyree & Ewers, 1991; Tyree et al., , 1993 Cochard et al., 1992; Johnson et al., 2011; Bucci et al., 2012; Jinagool et al., 2015; McCulloh et al., 2015) or stems and roots (Alder et al., 1996; Sperry & Ikeda, 1997; Kavanagh et al., 1999; Froux et al., 2004) . Indeed, it has long been accepted that a gradient in vulnerability may exist within plants. This hydraulic segmentation hypothesis (HSH) states that more distal, less energy-intensive/ expensive tissues, such as leaves, should be more susceptible to embolism than larger, more costly/valuable tissues, such as stems (Zimmermann, 1978; Tyree & Ewers, 1991) . Support for the HSH has come from woody angiosperms and conifers (Alder et al., 1996; Sperry & Ikeda, 1997; Choat et al., 2005) .
Recent technological and methodological advances allow us to assess vulnerability to embolism in all plant tissues using intact plants. These new techniques include, X-ray micro-computed tomography (microCT), which has been shown to provide a reliable, noninvasive method of constructing VCs Choat et al., 2015; Knipfer et al., 2015; Bouche et al., 2016) . X-ray microCT provides an exciting new opportunity to make parallel observations of embolism spread between tissues, while avoiding potential artefacts associated with many traditional methods of tissue excision before embolism quantification (Choat et al., 2015; Cochard et al., 2015) . MicroCT has recently been applied to leaves of conifers (Bouche et al., 2016) and angiosperms (Scoffoni et al., 2017) , providing high-resolution spatial detail of the position of embolisms in the xylem. The limitation of this technique is that the temporal sequence of embolism spread is poor, due to the nature of the beamline protocols, and the potential damage caused by multiple scans of single target organs . A newly developed method, the optical VC (OV) technique, provides opportunities for measuring the formation and spread of embolism in xylem within intact leaves (Brodribb et al., 2016a,b) . A significant advantage of the OV technique is that it permits continuous observation over a wide area allowing spatial and temporal details of embolism to be recorded.
In the study presented here we employ a combination of these new techniques, verified by traditional hydraulic methods, thus giving us new insights into critical questions about the spread of embolism throughout tomato (Solanum lycopersicum), a common herbaceous and important global crop species. Specifically, we asked: what is the temporal sequence of embolism formation within root, stem and leaf xylem in tomato? Is there any evidence for divergence in vulnerability among tissues?
Materials and Methods

Species and growing conditions
We grew individuals of S. lycopersicum L. (var. Rhineland's Rhun) in glasshouse facilities at the University of Tasmania. All seedlings were grown in potting mix (medium 8 : 2 : 1 mix of composted pine bark, coarse river sand, and peat moss) under controlled glasshouse conditions of 23°C : 15°C, day:night temperatures and 16-h photoperiod, with natural light supplemented by sodium vapour lamps to ensure a minimum 300 lmol quanta m À2 s À1 at the pot surface. Relative humidity was maintained at c. 60% by a dehumidifier with integrated humidity sensors (ADH-1000, Airrex portable dehumidifier; Hephzibah Co. Ltd, Incheon, South Korea). Before X-ray and optical scanning, plants were removed from the pots and their roots were gently rinsed to remove the loose sand and pine bark mixture. As we observed little embolism within well-hydrated plants (see Results of the microCT analysis) we were confident that this procedure did not damage the roots and introduce artefactual air-entry into the plants.
Individuals were also harvested at two different ages (30 d and 69 d after sowing) to assess proportional biomass allocation. For each age cohort, the plant tissue of three individuals was divided into stems, leaves and roots and was oven-dried for 2 d at 75°C. Material from each individual was subsequently weighed (AE0.001 g; MS204S; Mettler-Toledo, Greifensee, Switzerland) and biomass allocation was expressed as a proportion of total plant weight.
X-ray micro-computed tomography (microCT)
Embolism was visualized in intact stems and roots of tomato plants using synchrotron based X-ray tomography . We did not capture microCT images for tomato leaves, largely because of the complex plumbing of the venation network (different vein orders have different vulnerabilities), the fact that only large veins could potentially be resolved and due to severe time considerations at the facility.
Ten seedlings, c. 30 cm in height and 60 d old, were transported from the glasshouse facilities at the University of Tasmania to the Australian Synchrotron in Melbourne in moist paper towel and plastic bags. Once at the Imaging and Medical beamline facility each plant was dehydrated to varying water potentials (Ψ x ) by varying their exposure time to air. Leaf water potential was measured on a detached leaf using a Scholander pressure chamber (PMS Instruments, Albany, OR, USA). Initial tests from several leaves from the same individual confirmed that leaf water potential was highly consistent within individuals.
Once each plant was at the desired Ψ x we mounted it into a fixed position on a stage and scanned it at 30 keV in the synchrotron X-ray beam. The seedlings were rotated continuously through 180°with images collected 0.1°increments yielding 1800 projections. Images were collected with a 2560 9 2160 pixel sCMOS camera (pco.edge 5.5, PCO) at a 150 ms exposure time. The field of view was 14.6 mm 9 12.4 mm with a reconstructed image resolution of c. 5.9 lm per pixel. Each scan took c. 15 min to complete. We scanned both a root section and a stem section of each intact plant by moving the stage up or down. Scans of stems were made c. 4 cm above the collar and < 2 cm below the collar for roots. The first two scans (i.e. one each for the stem and root, respectively) detected air-filled vessels caused by embolism events in the intact plant. After these initial scans, we cut the stem below the scanned stem area (within c. 1 cm) and scanned the plant two more times, one scan each for the severed stem and root sections. Severing the stem served to create embolisms in all functional xylem conduits allowing functional xylem to be differentiated from nonfunctional or living xylem conduits. Thus, the repeat scans allowed us to compare embolism of intact roots and stems with the fully cavitated state and to generate VCs (see later). We further verified that the fully-embolized sections were in fact 'fully embolized' by comparing the images to cross-sections taken from the same point on the plant (see later).
Since each plant was used to generate a single point on the VC, we were able to exclude the possibility of increasing damage by the X-ray dose impacting the VCs. Immediately following the final (i.e. fourth) scan for each individual plant, a leaf was removed and leaf water potential was measured using a Scholander pressure chamber (PMS Instruments). Again, initial tests from several leaves from the same individual confirmed that leaf water potential was highly consistent within individuals.
The acquired longitudinal images were reconstructed into a 'stack' of 2098 transverse TIF images using the XLI CT Workflow application (Commonwealth Scientific and Industrial Research Organization). Three dimensional reconstructions of embolized vessels were generated with AVIZO 9.1 software (FEI Company, Hillsboro, OR, USA) accessed on the MASSIVE visualization environment. By comparing the fully embolized state (i.e. the scan images produced after the plants were cut) with the intact state (i.e. the scan images of the intact tissues) we were able to estimate a proxy for percentage loss of conductivity (PLC) and thus to reconstruct xylem VCs for both roots and stems.
Reconstructing VCs using X-ray images and cross-sections
We cross-sectioned the scanned sections of the roots and stems in the region of the scan using a sliding microtome (Leica Microsystems, North Ryde, Australia) and a BFS-3MP Freezing Stage (Physitemp Instruments, Clifton, NJ, USA). Cross-sections were stained with 5% aqueous toluidine blue solution for c. 30 s and photographed on a Leica DM1000 microscope (Leica Microsystems) with a Nikon DS-Fi2 microscope camera (Nikon Instruments, Tokyo, Japan).
Cross-sections were matched up with X-ray micrographs and functional and embolized vessels were identified in cross-sections. There was generally very good agreement between the X-ray micrograph images and the cross-section images and there was no evidence of any large vessels visible with the cross-sections that were not embolized by cutting in the microCT images. Images of the cross-sections also allowed us to differentiate between xylem and pith and to identify individual vessels.
After initial comparison of the X-ray micrographs and the crosssection images, we decided to use the light microscope crosssections rather than the original micrographs to determine vessel diameters because the resolution of the X-ray CT was not sufficient to distinguish whether voids represented single or pairs of conduits in all cases. Particle analysis in IMAGEJ was used to determine the diameter of each vessel and these data were used to calculate an estimate of the total conductance of each cross-section, k, using Poiseuilles equation:
where d is the vessel diameter, g is the viscosity of water. Maximum k (k max ) for each individual root and stem was quantified using the image of the fully embolized (i.e. severed) root and stem sections. Native k (k native ) of each individual root and stem was obtained from the image of the intact root and stem by subtracting k of any embolized vessels (k embolized vessels ) from k max :
Although Poiseuilles equation is based on flow through a series of pipes and may imperfectly capture conductance through complex vein networks, we were interested more in capturing changes in conductance, rather than absolute measures and thus consider k to be a reasonable proxy for our purposes. Furthermore, there was no evidence for the presence of tyloses or gels within the veins, which may further affect the reliability of the estimate of conductance. In light of this, we quantified an estimate of the PLC by comparing k max with k native according to the following equation:
Eqn 3
We then fitted a sigmoidal model to the relationship between PLC and leaf Ψ x :
where b is P 50 and a is a fitted parameter related to the slope of the curve. Thus, 95% confidence intervals for the PLC data of stems and roots were calculated using bootstrapped values from 2000 simulations conducted in R (R Core Team, 2014).
Optical vulnerability method
Three tomato leaves from three different individuals were set up on a slide scanner (V800 Epson) while remaining attached to the parent plant; roots exposed to enhance drying. Leaves were kept in place using transparent adhesive tape and images of the desiccating leaves were recorded every minute. A psychrometer (ICT International, Armidale, NSW, Australia) was connected to the petiole of an adjacent leaf to provide a continuous measure of Ψ x during drying. Periodically, we also measured Ψ x of three other adjacent leaves using a Scholander pressure chamber (PMS Instruments) to verify the psychrometer readings. We found that after stomatal closure, the rate of decline of Ψ x was highly linear, there was good agreement between the psychrometer values and those obtained with the pressure chamber, and the pressure chamber readings were highly similar (Supporting Information Fig. S1 ). Thus we are confident that we were able to accurately quantify the Ψ x of the target leaves.
Analysis of the image sequences captured during dehydration was done using an image subtraction method in IMAGEJ v.1.47 (National Institutes of Health, Bethesda, MD, USA) (see Brodribb et al. (2016a,b) for a more detailed account of image analysis methodology). The image subtraction method highlights rapid changes in light transmission caused by xylem cavitation, while filtering all other slow movement associated with drying. A new image stack consisting of subtracted images was then thresholded to highlight the embolism events. After thresholding the 'analyse particles' function of IMAGEJ was used to isolate embolized vessels by filtering out noise.
Leaf venation, which is composed of multiple vessels, was separated into three vein orders: midrib, secondary (large veins emerging from the midrib) and tertiary (all remaining veins) venation. Regions of interest corresponding to each vein order were created and the 'Measure Stack' function was used to measure the number of cavitated pixels in each image for each vein order throughout the image stack. The count of embolized pixels was then summed to give the cumulative number of pixels present in each vein order over time. The product is a temporally and spatially resolved data set indicating the accumulation of embolisms in vein orders. The abrupt start andend of embolization during desiccation enabled the dynamic spread of embolism to be expressed as a percentage of a maximum embolized state in each vein order at each time point. By converting time into Ψ x we were able to produce an optical VC for each leaf and for the different vein orders within each leaf.
We calculated a proxy for PLC in the whole leaf and within each vein order using Eqn 3, by equating the total number of pixels in the leaf or each vein order that changed from unembolized to embolized to k max and the sum of embolized veins (i.e. pixels) at each particular Ψ x to k embolized vessels . We then modelled the VC and extracted relevant parameters for the leaf and vein orders using Eqn 4.
Rehydration kinetic (RK) method
Three plants were dehydrated by withholding water for a period of about a week. At various stages of dehydration, we bagged leaves for at least an hour, allowing them to equilibrate, and subsequently removed a leaflet and measured initial Ψ x using a Scholander pressure chamber (PMS Instruments). Leaf hydraulic conductance (k leaf ) was determined on either the same leaf (if water potential was measured on a leaflet) or a neighbouring leaf by measuring dynamic flow during leaf rehydration (Brodribb & Cochard, 2009) . The leaves -which were still attached to the plant at this stage -were cut under water and immediately connected to a flow meter consisting of a capillary tube with known conductance (k tube in mmols s À1 MPa À1 ) and a pressure transducer (Omega Engineering, Stamford, CT, USA) (Melcher et al., 2012) . The hydraulic flux, F (in mmols m À2 s À1 ), into the leaf was monitored immediately (for the 'initial' value) and after 30 s (for a 'final' value), at which stage the leaf was removed and Ψ x was determined after equilibrating for 10-15 min. Leaves were scanned and analysed using IMAGEJ for leaf area (in cm 2 ). Since the pressure transducer can be read initially (as soon as the leaf is connected) and at the end (immediately before disconnecting the leaf), the method allows two values of k leaf (in mmols m À2 s À1 MPa À1 ) to be calculated using the following equation:
Eqn 5 where DΨ x is the hydraulic driving force and equal to Ψ x (note: this is the reason for two water potential readings, an 'initial' and a 'final'). The initial and final values of k leaf were compared against each other and were discarded if variation exceeded c. 30%. Values of k leaf (initial) were plotted against initial Ψ x and fitted with a sigmoidal relationship, from which we were able to extract relevant parameters:
where k max was defined as the mean k leaf above À0.5 MPa.
Stomatal closure
In accordance with the cohesion-tension theory, the more distal tissues of a transpiring plant (e.g. leaves) must have lower Ψ x than more proximal tissues (e.g. roots and stems). However, stomatal closure would have the effect of largely collapsing the water potential gradient within the plant. We investigated the water potential associated with stomatal closure to determine whether there may have existed any gradient in the plant at times when we measured embolism. Midday stomatal conductance, g s , of three tomato individuals growing in the glasshouse facilities at the University of Tasmania, was measured using a Li-Cor 6400 (Li-Cor BioSciences, Lincoln, NE, USA). Light intensity in the Li-Cor cuvette was set at 1500 lmol m À2 s
À1
, temperature was set to 22°C and relative humidity was maintained at ambient. Fully expanded, sunlit leaves were placed in the chamber for c. 20 min before the measurements were recorded to ensure that we captured maximum g s . Immediately afterwards, leaves were removed from the plant, wrapped in moist tissue paper, bagged, and transported to the laboratory where leaf Ψ x was measured using a Scholander pressure chamber. The relationship between g s and leaf Ψ x was found to fit a sigmoidal model:
where b is the leaf Ψ x at 50% of maximum g s (g s max ) and a is a fitted parameter related to the slope of the curve. From the modelled relationship we could extract the point of stomatal closure.
Results
MicroCT
We were able to visualize the presence of embolized veins within both roots and stems of intact tomato plants using images obtained by microCT. Three-dimensional rendering of roots showed that embolism occurred in both the adventitious roots and the main root axis (Fig. 1a,b) . Using reference scans of the roots or stems after cutting in air we were able to identify all of the functional vessels (Fig. 1c) . As the tomato plants dehydrated (i.e. water potential declined), the number of embolized vessels increased in both stems (compare number of embolized vessels in Fig. 2a and b) and roots (compare number of embolized vessels in Fig. 2c and  d) . By comparing the images from the fully embolized state with the images of the intact state, we evaluated which vessels had lost functionality as a result of embolism (see insets Fig. 2 Here we show a 3D rendering of an intact root desiccated to À1.5 MPa (a), illustrating embolized vessels in red (a, b). The 3D images are composed of a 'stack' of two-dimensional (2D) transverse images (see Fig. 2 ). The inset is a 2D cross-sectional slice of the same root at the same water potential (c), showing only the embolized (red) and nonembolized (blue) vessels. The nonembolized vessels shown in (c) (i.e. the blue vessels) were visible only once the plant had been severed and scanned a second time. Thus (c) is a composite image of two cross-sectional 2D images, one each before and after the plant was severed. From (c) we calculated that the root experienced 49% loss of conductance (see the Materials and Methods section). Fig. 2 Two-dimensional (2D) cross-sectional images of stems (a, b) and roots (c, d) of tomato at two different water potentials obtained using the X-ray micro-computed tomography (microCT) indicate that plants at different water potentials experienced different levels of embolism. Here we show a comparison of embolism formation within vessels of plants at À0.6 MPa (a, c) and À1.5 MPa (b, d). The insets show vessels that were embolized in the intact plant (in red) and those that were embolized after the plant had been cut (in blue). By comparing the fully embolized state to the intact state we were able to gain a proxy for percentage loss of conductance (see the Materials and Methods section). P, pith; V, vessels.
(a) (b) (c) (d)
provided the basis for our proxy for PLC and for reconstructing xylem VCs for both roots and stems (Fig. 3a) . We found little difference in the incipient air-seeding pressure between intact roots and stems (Fig. 3a: Table 1 ). Due to time constraints at the Imaging and Medical beamline facility we were only able to dehydrate tomato plants to leaf Ψ x values of À1.6 MPa. At this leaf Ψ x we observed c. 40% embolism in stems and roots imaged by X-ray microCT, thus we used P 40 (leaf Ψ x at 40% loss of conductance) as a reference point for comparison between tissues and methods. Although P 40 was 0.2 MPa lower in intact stems compared with intact roots there was substantial overlap in the 95% confidence intervals for both curves over the range of measured Ψ x (Fig. 3a: Table 1 ).
Optical vulnerability method
Xylem embolism within leaves of tomato was observable using the OV method recently described by Brodribb et al. (2016b) . Based on the accumulation of leaf vein embolisms we were able to estimate the proportion of embolized vascular tissue (which we used as a proxy for PLC) and thus to reconstruct the xylem VC of tomato leaves (Fig. 3a) . As the tomato plants dehydrated, the number of embolized veins within the leaf increased, following a sigmoidal function (Fig. 3a) . The P e and P 40 values obtained from the leaf using the OV method were similar to those values obtained for the stems with the microCT scans ( Fig. 3a; Table 1 ).
Using the OV method we were also able to capture variation in embolism propagation within the leaf vein network (Fig. 3b,c) . The midrib in tomato leaves was more vulnerable than the secondary and tertiary veins and the tertiary veins were consistently less vulnerable than either the midrib or the secondary veins ( Fig. 3b,c ; Table 1 ).
Rehydration kinetic (RK) method
We observed a sigmoidal relationship between k leaf and leaf Ψ x in tomato leaves using the rehydration kinetic (RK) method (Fig. 4a) . At leaf Ψ x higher than P e , k leaf remained relatively constant at k max , but thereafter k leaf declined rapidly (Fig. 4a) . Initial loss of k leaf (measured hydraulically) occurred at the same water potential as the start of embolism, as observed using the OV technique (Table 1) . Thereafter, the two curves began to diverge slightly, with declines in k leaf measured with the RK method preceding those observed with the OV method (Table 1) . Critical water potential values measured with the RK method were intermediate between those in the midrib and secondary veins observed using the OV method (Table 1) . There was no difference in P 40 between the leaves recorded by the RK method and the roots and stems observed using microCT (Table 1) .
Stomatal conductance
Mean maximum g s in tomato plants was 131.2 AE 15.8 mmol m À2 s À1 . After withholding water, tomato stomata started to close at leaf Ψ x below À0.65 MPa and were fully closed (g s reaching a stable minimum) at À0.98 AE 0.02 MPa (Fig. 4b) .
Discussion
The ability to monitor embolism within intact roots, stems and leaves provides tremendous opportunity to resolve crucial questions surrounding embolism formation and spread within a plant . Through a combination of techniques that allowed us to visualize the spread of embolism within intact roots, stems and leaves of tomato plants we showed that there is little variation in xylem resistance to embolism between these tissues. A lack of hydraulic segmentation among tissues of tomato contrasts with previous data from woody plants (Alder et al., 1996) . One potential explanation for this lack of vulnerability-differentiation in tomato, that (a) showing little difference between the three tissue types. Shaded bands are 95% confidence intervals and bars are standard errors. For the microCT data each data point for roots and stems represents a different individual. Within the leaves (b, c) there was some differentiation in the water potential (Ψ x ) at which different vein orders embolized. The larger diameter veins (i.e. midrib) tended to embolize at higher water potential , followed by secondary veins and then tertiary veins. The inset shows the water potential at which each different vein became embolized. Colours indicate the water potential that each vein or vessel was at when embolism was first observed, with cooler colours (e.g. blue/turquoise) being less negative water potentials and warmer (e.g. red/maroon) being more negative water potentials. Error bars on the VCs are standard errors (n = 3). New Phytologist is consistent with the HSH, is that tomato proportions biomass relatively evenly among tissues (Fig. S2) . A lack of hydraulic priority might then be expected, as observed here in tomato. Poorter et al. (2012) report substantial variation in leaf, stem and root mass fractions within herbaceous species, particularly between monocots and eudicots, and we might therefore predict substantial variation in the extent of divergence of xylem vulnerability among tissues within species of this functional type. Our findings suggest that further studies should address the generality of hydraulic segmentation among tissues of other herbaceous species and under-represented species. Although we found scarce evidence for differentiation of xylem vulnerability among tissues at the scale of whole plant, within a leaf the midrib embolized at higher Ψ x than lower order veins. This finding appears to be general among leaves for those species that have been sampled (Brodribb et al., 2016a,b) and might be important for maintaining homogeneous supply of water to leaf mesophyll tissues as the plant dehydrates (Scoffoni et al., 2017) . Slight differences in leaf water potentials associated with 40% and 50% declines in k leaf recorded with the RK and the OV methods, coupled with variation of embolism formation among the different vein orders, allowed us to investigate which vein orders are most important for water transport within leaves. Declines in k leaf were intermediate between observed embolism in the midrib and secondary vein orders, and not closely associated with embolism in the tertiary veins. These results suggest a degree of functional redundancy within the midrib. Despite this possibility, the magnitude of hydraulic conductance in the minor veins at low leaf water potentials is likely to be relatively low, as suggested by our k leaf measurements, which showed almost negligible k leaf at leaf water potentials < À1.75 MPa.
Scaling of vulnerability within the vein network was not observed in the root system, where we found that adventitious roots embolized simultaneously with vessels in the main root axis and that embolism events were in fact continuous between these two tissues (Fig. 1b) . However, we cannot rule out the possibility of differences in vulnerability within the root system, as we were unable to visualize embolism within very fine roots, which may provide a better analogue for the lower order veins. Recent work on a woody species suggests that declines in root hydraulic conductance are linked to the formation of cortical lacunae in fine roots (Cuneo et al., 2016) .
Signs of permanent leaf damage in tomato leaves were observed at Ψ x below À1.9 MPa and became more pronounced until leaf Ψ x of À2.9 MPa (Fig. S3) at which point we were unable to reliably measure Ψ x . Thus, our results indicate that incipient embolism is associated with severe, but nonlethal water stress in tomato and that substantial loss of k leaf and extensive embolism is associated with permanent leaf damage. The amount of damaged tissue appeared to increase at leaf Ψ x lower than P 88 in leaves, consistent with the notion that points of death and recovery in angiosperms can be defined from P 95 in leaves (Brodribb & Cochard, 2009) . A potential limitation of the current work is that we used multiple techniques to assess propagation of embolism within individual plants. Although current X-ray microCT techniques permit visualization of embolism within small, soft tissues such as petioles, the damaging nature of X-rays imposes severe limitations on the ability to scan an individual multiple times to resolve the temporal detail of embolism propagation (Scoffoni et al., 2017) .
Also, we assumed that leaf water potential was in equilibrium with root and stem water potential following stomatal closure based on the notion that stomatal closure would largely collapse the water potential gradient within the plant due to lack of transpiration. Although stomatal closure occurred some 12 h before initial embolism events (thus providing adequate time for equilibration within the plant), very low rates of cuticular water loss or loss of water through leaky stomata could have maintained very small gradients within the plant. Although we saw no disagreement between leaf and stem water potentials measured on plants with closed stomata (unpublished data), it is possible that severe cavitation may lead to gradients developing at the end of the cavitation cycle. Understanding the distribution of water potential within severely water-stressed plants is complicated by technical limitations of the Scholander technique (Tyree & Hammel, 1972; Turner, 1981) and this is a future direction of study that will permit us to further resolve questions of embolism propagation among tissues. Doing so in herbaceous species is particularly important since many herbaceous angiosperms, like tomato, are important agricultural crop species.
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